Display of heterologous antigens on the cell surface is considered a useful technique for vaccine delivery by recombinant lactobacilli. In this study, two recombinant Lactobacillus acidophilus derivatives displaying Salmonella flagellin (FliC) were constructed using different anchor motifs. In one instance, the FliC protein was fused to the C-terminal region of a cell envelope proteinase (PrtP) and was bound to the cell wall by electrostatic bonds. In the other case, the same antigen was conjugated to the anchor region of mucus binding protein (Mub) and was covalently associated with the cell wall by an LPXTG motif. These two recombinant L. acidophilus cell surface displays resulted in dissimilar maturation and cytokine production by human myeloid dendritic cells. The surface-associated antigen was highly sensitive to simulated gastric and small intestinal juices. By supplementation with bicarbonate buffer and soybean trypsin inhibitor, the cell surface antigen was protected from proteolytic enzymes during gastric challenge in vitro. The protective reagents also increased the viability of the L. acidophilus cells upon challenge with simulated digestive juices. These results demonstrate the importance of protecting cells and their surface-associated antigens during oral immunization.
Vaccine delivery systems using lactic acid bacteria (LAB) are under development. Many Lactobacillus and Lactococcus strains are generally regarded as safe (GRAS) because they have been consumed for centuries in fermented foods, or as probiotics originating as commensals of the human intestinal tract. It is now well documented that LAB can provide immune-modulating/immune-stimulating activities and contribute to health maintenance (8, 38) . Recent studies have revealed that several cell surface components of the probiotic bacteria are recognized by immune cells via pattern recognition receptors (PRRs) (25) . In particular, lipoteichoic acid (LTA), peptidoglycan (PG), and muramyl dipeptide (MDP), the subcomponent of PG, are known as the major immune stimulators recognized by Toll-like receptor 2 (TLR2) and nucleotide-binding oligomerization domain 2 (NOD2) (18, 30, 53) . The combination of safety and immunogenicity of LAB satisfy key requirements for vaccine delivery vehicles. Several studies have demonstrated the potential of Lactococcus lactis and Lactobacillus strains for immunization, as described in previous reviews (33, 46, 51) .
The probiotic LAB strain Lactobacillus acidophilus NCFM is particularly promising as a vaccine delivery vector. Besides the favorable characteristics of LAB described above, L. acidophilus NCFM is proven to have both acid and bile tolerance (3, 40) , which may allow association with the intestinal mucosa and facilitate an oral delivery strategy. Importantly, it has been shown that L. acidophilus interacts with dendritic cells (DCs) through DC-specific intercellular adhesion molecule 3 (ICAM-3)-grabbing nonintegrin (DC-SIGN) (23) . The fact that the whole-genome sequence is known is also a key advantage for designing oral vaccines to be delivered by probiotic LAB (1) . Proof of principle has been demonstrated by Mohamadzadeh et al., who constructed a recombinant L. acidophilus strain producing the protective antigen of Bacillus anthracis and succeeded in inducing protective immunity in a murine model (34) .
For the construction of recombinant LAB as vaccine candidates, there are three strategies for the subcellular distribution of antigens: cytoplasmic accumulation, secretion, and cell surface display. Intracellular expression is the simplest strategy and has several advantages. For instance, high levels of antigen can be expressed from a strong promoter and can be encapsulated within the bacterium (43, 52) . Importantly for mucosal immunization, the cell envelope may protect intracellular protein antigens from digestive enzymes present in mucosal fluids. Secretion of antigens has infrequently been used for LABbased vaccines, since antigen secretion does not allow accumulation of the proteins during cultivation prior to immunization. Nevertheless, there are studies demonstrating that antigensecreting LAB can induce protective immunity (34, 35, 45) . Surface display systems for antigen delivery have been used more commonly. Hypothetically, the merit of this strategy is that the exposed antigens could interact directly with immune cells and might be processed by antigen-presenting cells more efficiently than intracellular antigens that were encapsulated within the robust cell walls of the Gram-positive bacteria. In fact, two independent studies showed that surface displays provided better immunogenicity than intracellular accumulation (6, 37) . However, there are contradictory results in the case of intragastric (i.g.) immunization (39, 43) . When delivered orally, extracellular antigens are exposed to proteolytic enzymes, such as pepsin and trypsin, present in gastric and pancreatic fluids. These intensive digestions likely lower the immunopotency of cell surface antigens, although the sensitivity to those digestive juices is unclear. If cell surface antigens are highly sensitive to the digestive process, additional measures must be taken to mitigate degradation.
Surface display systems in LAB have been developed by mimicking natural surface components and proteins. In Grampositive bacteria, there are roughly five types of surface proteins: membrane proteins, lipoproteins, covalently bound cell wall-associated proteins, noncovalently bound cell wall-associated proteins, and surface layer proteins (12, 27) . Several bacterial proteins have been exploited to construct recombinant LAB expressing anchor-fused antigens on the cell surfaces, including the Bacillus subtilis membrane protein PgsA and the covalently bound cell wall-associated proteins Lactococcus lactis PrtP, Lactobacillus casei PrtP, and Streptococcus pyogenes M6 (14, 26, 37, 41) . Noncovalently bound cell wall-associated proteins, including Lactobacillus delbrueckii subsp. bulgaricus PrtB, the Lactobacillus brevis surface layer protein SlpA, and an L. acidophilus surface layer protein, have also been used for these applications (2, 17, 22, 48) . Although these proteins are found on the cell surface, their physical/biochemical properties are dissimilar. Therefore, even if the same antigens were displayed, the anchoring motifs might elicit different impacts on the net immunogenicity of LAB displaying heterologous antigens; however, this has not been proven empirically.
The main purpose of this study was to develop surface display systems in L. acidophilus and to investigate whether different anchoring motifs affect the immunogenicity of antigen displays in L. acidophilus. A C-terminal protein fragment of the surface proteinase (PrtP) and a binding domain from the mucus binding protein (Mub) from L. acidophilus NCFM were employed to develop two different cell surface antigen display systems. Although both anchor motifs bind to the cell wall, PrtP is anchored by electrostatic bonds, while Mub is anchored through a covalent bond. Salmonella enterica serovar Typhimurium flagellin (FliC) is not only a protective antigen for immunization but also the agonist of TLR5 (20, 49) ; thus, recombinant L. acidophilus strains displaying surface FliC were predicted to be highly immunogenic. In order to determine their immunological properties, the recombinant L. acidophilus strains producing FliC were cocultured with human myeloid DCs. The sensitivities of surface-exposed antigens to proteolysis by digestive juices were also determined.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Lactobacillus acidophilus NCFM and derivative recombinant strains were grown statically in MRS broth (Difco Laboratories, Detroit, MI) alone or supplemented with 5 g/ml of erythromycin (Em) at 37°C. MRS agar (1.5% agar) plates were incubated anaerobically. Escherichia coli DH5␣ and other recombinant strains were grown aerobically with shaking in LB medium (Difco) with or without 200 g/ml of Em at 37°C. All bacterial strains used in this study are listed in Table 1 .
Construction of plasmids. Regular and overlap PCRs were performed using the primers shown in Table 2 . Gene fragments encoding Salmonella serovar Typhimurium FliC and the 160 C-terminal amino acid residues of L. acidophilus NCFM Mub (LBA1709) (A mub ) were amplified with specific primer pairs AK_21-AK_13 for FliC and AK_11-AK_12 for A mub , as well as with pFliCP (L. L. Stoeker et al., submitted for publication) as the template DNA for FliC and L. acidophilus NCFM chromosomal DNA as the template DNA for A mub . These two PCR products were subsequently connected by overlap PCR using primers AK_21 and AK_12. The resulting chimeric DNA fragment (FliC-A mub ) was digested and inserted into the EcoRI-HindIII site of pTRK882 (15) . After the cloning of FliC-A mub (pTRK1029), a gene fragment encoding the ribosome binding site and the 70 N-terminal amino acid residues of L. acidophilus NCFM PrtP (S prt ) was obtained by PCR using the pair of primers AK_38 and AK_39. The S prt DNA fragment was inserted into the EcoRI-EagI site of pTRK1029 to create pTRK1033. The A mub -encoding site of pTRK1033 was replaced with the DNA fragment encoding the 160 C-terminal amino acid residues of PrtP (LBA1512), which was generated by PCR using primers AK_36 and AK_37. The plasmid was digested with KpnI and HindIII and was ligated with the digested A prt -encoding DNA fragment (pTRK1034). A map of pTRK1033 and pTRK1034 is shown in Fig. 1 .
Transformation of L. acidophilus NCFM. The procedures for the preparation of competent cells and electroporation have been described previously (50) . Briefly, bacterial cells at exponential phase were cultivated and were washed Western blotting. Log-phase cultures of recombinant L. acidophilus were centrifuged to remove cells. The culture supernatant was concentrated 20 times by precipitation with trichloroacetic acid (TCA). Precipitated proteins were washed with acetone and were redissolved in 8 M urea in 50 mM Tris-Cl (pH 7.0). Cells were washed sufficiently and were suspended in lysis buffer consisting of 500 U/ml of mutanolysin (Sigma-Aldrich, Detroit, MI), 250 U/ml of Benzonase (Sigma-Aldrich), 1ϫ protease inhibitors (Sigma-Aldrich), and 50 mM Tris-Cl (pH 7.0). After incubation at 60°C for 2 h, cells were homogenized by bead beating. To extract cell surface proteins from lactobacilli, cells were suspended in phosphate-buffered saline (PBS) or 8 M urea buffer. The cell suspensions were incubated at room temperature for 30 min, followed by centrifugation to collect a cell-free protein solution. Each protein sample was mixed with Laemmli buffer (Sigma-Aldrich) and was boiled for 10 min. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA). A MagicMark XP Western protein standard (Invitrogen, Carlsbad, CA) and purified recombinant flagellin (Invivogen, San Diego, CA) were also applied. The protein blot was treated with anti-FliC monoclonal IgG (BioLegend, San Diego, CA) and horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Invitrogen). Chemiluminescence using ECL Plus (GE Healthcare Life Sciences, Piscataway, NJ) was visualized by a VersaDoc MP system (Bio-Rad, Hercules, CA).
Enzyme-linked immunosorbent assay (ELISA).
A MaxiSorp flat-bottom 96-well plate (Nalge Nunc International, Rochester, NY) was coated with 5 g/ml of purified flagellin overnight. Bacterial cell suspensions (1 ϫ 10 9 CFU/ml) prepared from an overnight culture were serially diluted (dilution factor, 2). One volume of anti-FliC solution (dilution, 1/25,000 in PBS supplemented with 1% bovine serum albumin [BSA] and 0.05% Tween 20) was added to each cell suspension, and the mixture was incubated at room temperature for 1 h. At the same time, the antigen-coated microplate was blocked with 1% BSA in PBS. The mixture of the bacteria and the antibody solution was centrifuged, and the cellfree supernatant was transferred to the blocked microplate. After 1 h of incubation, the microplate was washed and incubated with a secondary-antibody solution, including 1/50,000-diluted HRP-conjugated anti-mouse IgG, for 1 h. A tetramethylbenzidine (TMB) peroxidase substrate (Kirkegaard & Perry Laboratories [KPL], Gaithersburg, MD) was used for color development. The reaction was terminated with H 2 SO 4 , and optical absorbance at 450 nm was measured with a Sunrise microplate reader (Tecan US, Durham, NC).
TLR5 stimulating assay. The reporter assay using HEK293 cells expressing TLR5 (Invivogen) has been described previously (Stoeker et al., submitted). Freshly prepared bacteria were added to the culture of TLR5-expressing cells and were incubated overnight. TLR5 activation was determined by NF-B induction using the secreted embryonic alkaline phosphatase (SEAP) reporter plasmid pNiFty. SEAP activity in the coculture supernatants was detected with a luminometer after development with the SEAP reporter gene assay according to the manufacturer's instructions (Roche Applied Science, Indianapolis, IN).
Isolation of human myeloid DCs and coculture assay. Untested human blood buffy coats were obtained from the American Red Cross (Durham, NC). Human myeloid DCs were isolated in accordance with the method described previously (Stoeker et al., submitted). In brief, lymphocytes were separated from whole blood using Ficoll-Plaque Plus (GE Healthcare) and centrifugation. CD1c ϩ cells were enriched with a magnetic-activated cell sorting (MACS) CD1c (BDCA-1) ϩ dendritic cell isolation kit (Miltenyi Biotec, Auburn, CA). The isolated DCs suspended in filtered human peripheral blood mononuclear cell (PBMC) medium (10% fetal bovine serum [FBS], 1.1% sodium pyruvate, 1% GlutaMAX, 100 U/ml penicillin, 100 g/ml streptomycin) were plated in 96-well plates at a concentration of 2 ϫ 10 5 cells/well. Fresh bacterial cells at stationary phase were washed with PBS, suspended in the same PBMC medium, and then inoculated into the DC cultures at a concentration of 2 ϫ 10 6 CFU/well (DC/bacterium ratio, 1:10). After 24 h of incubation, DCs were centrifuged and collected for antibody staining, while supernatants were stored at Ϫ80°C for cytokine analysis.
Flow cytometric analysis. An overnight culture of bacteria at stationary phase was collected and washed with PBS. The polyclonal anti-FliC rabbit antibody RY544 (dilution, 1/50) was added to the cell suspension (2 ϫ 10 6 CFU in 20 l of PBS supplemented with 1% BSA) and was incubated on ice for 30 min. The cells were washed and suspended in the same buffer, including 1/100-diluted phycoerythrin (PE)-conjugated anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA). After a 30-min incubation, the stained bacterial cells were washed and suspended in PBS. For the staining of DCs, fluorescein isothiocyanate (FITC)-conjugated anti-human TLR5, PE/Cy7-conjugated anti-human CD80, PE-conjugated anti-human CD86, peridinin chlorophyll protein (PerCP)-conjugated anti-human CD83, and PerCP-conjugated anti-human CD40 (Biolegend) suspended in PBS were used. Flow cytometry was performed using a LSRII flow cytometer, and the results were analyzed with FACSDiva software (Becton Dickinson [BD], Franklin Lakes, NJ).
Multiple cytokine quantification. Multiple cytokines in the culture supernatants of DCs were detected with a customized Milliplex MAP kit (Millipore) in accordance with the manufacturer's instructions. In brief, antibody-immobilized beads for the detection of interleukin 1␤ (IL-1␤), IL-6, IL-8, IL-10, IL-12 (p70), tumor necrosis factor alpha (TNF-␣), and alpha-2 interferon (IFN-␣2) were incubated with 5-times-diluted culture supernatants of DCs. The beads were subsequently treated with detection antibodies as well as with PE-conjugated streptavidin and were analyzed with a Bio-Plex system (Bio-Rad).
Simulated-digestive-juice assays. Bacterial cell suspensions of recombinant L. acidophilus were prepared from an overnight culture. The preparation of simulated gastric juice (SGJ) and simulated small intestinal juice (SSIJ) has been described previously (16) . Briefly, SGJ consists of pepsin (Fisher Scientific, Pittsburgh, PA), NaCl, and HCl, while SSIJ includes oxgall (Difco), NaCl, and porcine pancreatin (MP Biomedicals, Solon, OH). Adjusted concentrations of bacterial cells (1 ϫ 10 9 CFU/ml) either in water, in bicarbonate buffer (NaHCO 3 solution), or in soybean trypsin inhibitor (SBTI) solution were mixed with 5 volumes of SGJ or SSIJ and were incubated at 37°C. For the counting of viable cells, cells treated with the digestive juice (SGJ or SSIJ) were properly diluted and plated onto MRS agar supplemented with erythromycin. In order to detect FliC displayed on the cell surface, cells treated with the digestive juices were collected by centrifugation and were suspended in methanol. The whole-cell suspensions in methanol were then mounted on a PVDF membrane (2 l/spot). The dried membrane was incubated in PBS supplemented with 1% BSA and anti-FliC monoclonal IgG (diluted 1/5,000). After the membrane was washed with PBS, the blot was incubated with HRP-conjugated anti-mouse IgG in the same buffer. FliC-specific chemiluminescence signals were detected by the same system as described above.
Statistical analysis. The Wilcoxon signed-rank test was applied to evaluate significant differences in assays using DCs. For multiple comparisons, the level of significance was adjusted by Bonferroni's correction. Judgments on rejecting a null hypothesis were suspended if the P value was higher than 0.017.
RESULTS
Production and surface association of FliC on L. acidophilus cells using two different anchoring motifs. Plasmids with FliC fused to S prt as well as either A mub or A prt were successfully introduced into L. acidophilus. The production of FliC fusion proteins was confirmed by Western blotting (Fig. 2a) . In NCK2158, producing FliC-A mub protein, a specific band was Meanwhile, in NCK2160, expressing FliC-A prt , specific bands were observed in both the culture supernatant and the cell fraction. The expected molecular masses of FliC-A mub and FliC-A prt are 70 kDa and 67 kDa, respectively, which were fairly reflected in the positions of the bands detected, although an additional, smaller band was observed in the NCK2160 cell fraction. Surface-associated FliC-A prt on NCK2160 was efficiently extracted with 8 M urea buffer (Fig. 2b) . These results indicate that FliC-A prt was attached to the cell wall by noncovalent bonds. FliC-A mub was recovered with neither 8 M urea buffer nor PBS, as expected, because this protein should be covalently bound to the cell wall. Flow cytometric analysis confirmed that FliC-fused proteins were located on the cell surface (Fig. 2c) . These data indicate that these anchoring motifs worked properly and efficiently, because almost all cells displayed FliC-fused proteins. The mean fluorescence intensity (MFI) of NCK2160 was approximately 20% higher than that of NCK2158. Thus, the density of the FliC-fused protein at the cell surface was likely higher in NCK2160 than in NCK2158.
Relative amounts of FliC-fused proteins in NCK2158 and NCK2160. In order to determine the relative amounts of FliC on the recombinant L. acidophilus strains, a FliC-specific monoclonal IgG was absorbed by FliC-displaying lactobacilli, and the remaining antibody was detected by ELISA. As shown in Fig. 3 , the absorbance values were inversely proportional to the concentration of either NCK2158 or NCK2160 but were unchanged by NCK1895 regardless of its concentration. The antibody absorption capacity per cell was higher in NCK2160 than in NCK2158, with the difference estimated at approximately 20%. This number is close to the difference between the MFI values described above. Hence, the estimated relative amounts of surface-associated FliC were confirmed.
TLR5-stimulating activities of FliC-producing L. acidophilus. A reporter gene assay using TLR5-expressing HEK293 cells was performed. The cells were incubated with the recombinant lactobacilli, and SEAP released in response to NF-B activation was detected. As shown in Fig. 4 , both NCK2158 and NCK2160 clearly activated NF-B through stimulation of TLR5. The average TLR5-stimulating activity of NCK2160 was 19% higher than that of NCK2158, once again corresponding to the expected ratio of cell-associated FliC fusion proteins between the two recombinant lactobacilli. These results indicate that the surface-associated FliC was recognized by TLR5 and that the magnitude of the TLR5-stimulating activity of FliC-producing L. acidophilus depends on the quantity of surface-located FliC.
TLR5 expression and maturation of human myeloid DCs stimulated by recombinant lactobacilli. Freshly isolated myeloid DCs from human blood were stimulated with live L. acidophilus strains. Antibiotics were added to the culture medium in order to prevent bacterial growth. Under this condition, bacterial cells were alive at the early stages but completely dead at the end of the assay (data not shown). TLR5 expression by the DCs before and after incubation with the recombinant lactobacilli was determined by flow cytometry. Freshly isolated DCs (0 h) expressed low levels of TLR5 and upregulated or downregulated TLR5 expression after 24 h of incubation depending on the blood donor (Fig. 5a ). The similarity of TLR5 expression patterns among NCK1895-stimulated, NCK2160-stimulated, and unstimulated (Medium) DCs demonstrates that these two L. acidophilus strains have minimal impact on TLR5 expression by the DCs. Meanwhile, NCK2158-stimulated DCs, especially the DCs from donors 3 and 5, clearly upregulated TLR5 expression after 24 h of incubation ( Fig. 5a and b) . Coculture with the recombinant L. acidophilus strains enhanced the maturation of the human myeloid DCs. By flow cytometry, the specific fluorescent intensities of CD40, CD80, CD83, and CD86 were analyzed. Among the four types of maturation markers tested in this study, CD83 and CD40 were clearly upregulated in response to the recombinant lactobacilli (Fig. 6 ). NCK2158 always induced CD83 expression most efficiently and CD40 least efficiently among the three L. acidophilus strains tested (P Ͻ 0.01). Meanwhile, no difference in DC maturation was observed between NCK2160 and NCK1895 The recombinant lactobacilli were treated with either SGJ or SSIJ. The viability of the bacteria and the stability of the FliC fusion protein on the cell surfaces were monitored at different time points. All three L. acidophilus strains survived equally well at all time points, indicating that the expression and surface association of FliC did not affect the sensitivity of the bacteria to digestive processes (Fig. 8a and c) . However, the surface protein itself was highly sensitive to the proteolytic effects of the digestive juices ( Fig. 8b and d) . Even after a 100ϫ dilution of proteolytic enzymes, the FliC-fused proteins were digested quickly. The two differently bound surface-exposed FliC proteins exhibited similar sensitivities to SGJ and SSIJ. Hence, the different physical properties of cell wall-associated proteins had a minimal impact on their sensitivities to enzymatic proteolysis.
Protective effects of bicarbonate and SBTI against the digestive process. In theory, pepsin is inactive under neutral or basic pH conditions, and SBTI inhibits trypsin and chymotrypsin, which are major proteolytic enzymes in pancreatin. Thus, supplementation with bicarbonate buffer or SBTI prior to incubation with SGJ or SSIJ could protect surface-associated antigens from proteolytic degradation. As expected, digestion of the surface FliC was successfully inhibited by those protectants ( Fig. 9b and d) . Addition of 0.1 M NaHCO 3 completely neutralized the acid in simulated gastric juice and provided a protective effect. Although a high concentration of bicarbonate could inactivate trypsin, the high-salt solution interfered with the electrostatic bonds of the cell surface protein anchored by A prt . In fact, no specific signal was detected from NCK2160 cells pretreated with 1 M NaHCO 3 , but soluble FliC-A prt was found in the cell-free supernatant (data not shown). In order to achieve full protection of surface FliC against SSIJ, high concentrations of SBTI were required. After a 90-min incubation, the FliC-specific signal of NCK2158 was observed only if 100 mg/ml of SBTI was added to the cell suspension, while the specific signal of NCK2160 was detected by adding less protectant. Thus, the antigen on NCK2160 in combination with SBTI seemed to be more resistant to proteolysis. The reagents used as the protectants collaterally contributed to the survivability of recombinant L. acidophilus strains ( Fig. 9a and c) . The survival rates of the lactobacilli increased in a concentration-dependent manner. With 0.1 M NaHCO 3 and 100 mg/ml of SBTI, almost 100% of the cells remained viable.
DISCUSSION
In the present study, two types of antigen display systems were developed in L. acidophilus using the cell wall anchor of either PrtP or Mub. Cell envelope proteinases are commonly found in LAB strains, but their structures, including the domains for wall attachment, are diverse (47) . In particular, the proteinase of Lactococcus lactis binds to the cell wall covalently, while those of Lactobacillus delbrueckii and Lactobacillus helveticus associate with peptidoglycan by a noncovalent bond. According to the analysis by protein BLAST search, the C-terminal end of L. acidophilus PrtP is most related to the corresponding part of PrtH and is likely able to associate with the cell wall electrostatically. The present study showed that the FliC proteins fused to the 70 N-terminal amino acid residues and the 160 C-terminal amino acid residues of PrtP were efficiently displayed on the cell surface. This chimeric protein was removed by treatment with a chaotropic reagent, which confirmed the noncovalent bond of PrtP. The other surface protein employed in this study, Mub, has a mucus-binding domain, which is found in several LAB strains (7) . This type of protein is considered to play an important role in adherence to gastrointestinal (GI) mucosa (44) . L. acidophilus NCFM has nine Mub proteins, three of which possess an N-terminal signal peptide and a C-terminal anchor with a LPXTG sequence. LBA1709 was used in the present study. The LPXTG motif is cleaved by the specific serine protease sortase and eventually combines with peptidoglycan via covalent bond (27) . As expected, the FliC protein fused to the C-terminal end of Mub was clearly displayed on the cell surface. This surface protein was not removed by a chaotropic reagent, but treatment with N-acetylmuramidase did successfully extract the protein. These results indicated that the FliC-Mub fusion protein was covalently associated with the L. acidophilus cell wall. Both surfacedisplayed FliC proteins in the recombinant L. acidophilus strains retained their TLR5-stimulating activities. FliC is known to have adjuvant effects due to its TLR5-stimulating activity (5, 31) . Coadministration or protein fusion with FliC improves the efficiency of immunization (4, 11, 21) . Therefore, the currently constructed FliC-producing L. acidophilus strains might be more robust vaccine delivery agents than the wildtype strain, due to the additional TLR agonist. For instance, a recombinant LAB expressing both FliC and a target antigen in the same cell might be more immunogenic than an isogenic strain producing the antigen only.
The two types of recombinant L. acidophilus derivatives producing FliC exhibited unequal impacts on DC maturation and cytokine production. In the present study, human myeloid DCs were stimulated with recombinant lactobacilli, and subsequently, four major maturation markers of DCs-CD40, CD80, CD83, and CD86-were upregulated. Among these molecules, the expression of CD40 and CD83 was clearly up- regulated in response to any of the L. acidophilus strains. Similar effects of Lactobacillus strains on DC maturation have been reported previously (36) . Interestingly, the L. acidophilus strain expressing covalently bound surface FliC induced a higher percentage of CD83 ϩ cells and a lower percentage of CD40 ϩ cells than the other two strains. One of the functions of CD83 on DCs is to activate T cells (42) . CD40 is involved in cross talk between DCs and other lymphocytes (29) . Hence, those differences in the upregulation of these molecules might affect downstream immune responses. Secretion of cytokines from DCs also plays a decisive role in adaptive immune responses. Among seven cytokines tested in the present study, the secretion of IL-1␤, IL-6, IL-10, IL-12, and TNF-␣ from DCs was clearly upregulated by stimulation with L. acidophilus. The cytokine responses of human DCs stimulated with L. acidophilus NCFM have been reported (23) . Although the DC/bacterium ratio (1:10) and incubation time (24 h) were the same, the cells employed in the previous study were monocytederived DCs. The monocyte-derived DCs tended to induce IL-10, IL-12, and TNF-␣ predominantly, while the CD1c ϩ myeloid DCs used in the current assay secreted large amounts of IL-1␤, IL-6, IL-10, and TNF-␣ but much less IL-12. These different cytokine profiles may be interpreted in different ways. For example, cytokine induction in monocyte-derived DCs could represent a Th1-biased immune response or a mixed Th1 and Th2 response, but cytokine expression by CD1c ϩ myeloid DCs would be more consistent with a Th2 and/or Th17 response. This differential effect on DC subtypes should be taken into consideration when lactobacilli or other bacteria are assessed in vitro using DCs. Expression of FliC on the L. acidophilus cell surface induced additional secretion of IL-1␤ from human myeloid DCs. It is known that recognition of flagellin by TLR5 triggers the production of IL-1␤ precursor, which is subsequently processed by caspase-1 and secreted to the extracellular space (9, 32). As described above, the FliC on the recombinant lactobacilli was confirmed to activate NF-B via TLR5. Thus, an increase in the level of total pro-IL-1␤ may be the reason for the additional IL-1␤ secretion. The only difference in cytokine responses between the recombinant lactobacilli displaying FliC with a covalent bond and those displaying FliC with a noncovalent bond was IL-12 production. Overall, display of FliC on the cell surface does not drastically affect interaction between L. acidophilus and human myeloid DCs, but the immunological properties of two different FliCexpressing L. acidophilus strains were dissimilar.
The current study also showed that the cell wall-associated antigens were highly sensitive to simulated digestive juices. This result suggested that such recombinant LAB might easily lose surface antigens if the strains were orally administered. As described above, LAB expressing surface antigens are highly immunogenic when administered parenterally but showed relatively lower immunogenicity when given orally (6, 37, 39, 43) . The current study might help explain those results. If the hypothesis is correct, the surface antigens should be protected in the case of immunization via the oral route. In this study, supplementation with bicarbonate or SBTI enabled FliC on the bacterial cell surfaces to elude proteolysis in simulated digestive juices. Because pepsin works only at acidic pHs, neutralization with an alkalescent buffer completely inactivates the activity of the enzyme. Moreover, neutralized gastric fluid is not toxic to the bacterial cells, and thus, the viability of the cells increases as a collateral positive effect. In past studies, bicarbonate buffer has been used for oral immunization (10, 43) . The current data support the effectiveness of this approach. SBTI forms a complex with the catalytic site of trypsin or chymotrypsin and inhibits their activities (13) . This trypsin inhibitor has been used previously as a protectant for the oral administration of insulin (54) . The surface FliC eluded pancreatic digestion in combination with SBTI, although a high concentration of the inhibitor was needed for full protection. SBTI also provided a protective effect against cell damage caused by simulated small intestinal juice in a concentrationdependent manner. This was not expected, because even if proteases were inactivated, bile salt should still be toxic to the cells. One possible reason for this protection from bile is that the high concentration of SBTI protein absorbs bile and interferes with the binding of bile to bacterial cells. Improvement of cell viability in the GI tract may result in increases in the antigen yield and in the persistence of cells in vivo. Thus, supplementation with these protective reagents could possibly improve the efficiency of oral immunization. Encapsulation would be another approach to the protection of antigens and delivery agents. For example, the use of whey protein-gum arabic microencapsulation protected bile salt hydrolase (Bsh) produced by Lactobacillus plantarum WCFS1 from digestive fluids in vitro (24) . In addition, Lei et al. reported that enteric coating of recombinant Lactococcus lactis secreting influenza virus H5N1 hemagglutinin actually increased the efficiency of oral immunization (28) . If bacterial cells are encapsulated, protective reagents against gastric juices are no longer required. Meanwhile, protective reagents against pancreatic enzymes may still be important, because surface-displayed antigens are probably exposed to proteolytic enzymes in the small intestine after the enteric coat is dissolved.
In conclusion, recombinant lactobacilli displaying antigens on the cell surface by use of different anchoring motifs are basically comparable but can have unequal immunological properties. This phenomenon should be taken into consideration when antigen delivery systems using lactic acid bacteria are developed. This study also showed high sensitivities of surface antigens to digestive enzymes and demonstrated that bicarbonate and SBTI protected both bacterial cells and surface antigens from simulated digestive juices. In the case of oral immunization, coadministration of such protective reagents would likely improve the efficiency of vaccination.
